Abstract Thawing Arctic permafrost causes massive fluvial and erosional releases of dissolved and particulate organic carbon (DOC and POC) to coastal waters. Here we investigate how different sources and degradation of remobilized terrestrial carbon may affect large-scale carbon cycling, by comparing molecular and dual-isotope composition of waterborne high molecular weight DOC (>1 kD, aka colloidal OC), POC, and sedimentary OC (SOC) across the East Siberian Arctic Shelves. Lignin phenol fingerprints demonstrate a longitudinal trend in relative contribution of terrestrial sources to coastal OC. Wax lipids and cutins were not detected in colloidal organic carbon (COC), in contrast to POC and SOC, suggesting that different terrestrial carbon pools partition into different aquatic carrier phases. The Δ 14 C signal suggests overwhelmingly contemporary sources for COC, while POC and SOC are dominated by old C from Ice Complex Deposit (ICD) permafrost. Monte Carlo source apportionment (δ 13 C, Δ 14 C) constrained that COC was dominated by terrestrial OC from topsoil permafrost (65%) and marine plankton (25%) with smaller contribution ICD and other older permafrost stocks (9%). This distribution is likely a result of inherent compositional matrix differences, possibly driven by organomineral associations. Modern OC found suspended in the surface water may be more exposed to degradation, in contrast to older OC that preferentially settles to the seafloor where it may be degraded on a longer timescale. The different sources which partition into DOC, POC, and SOC appear to have vastly different fates along the Eurasian Arctic coastal margin and may possibly respond on different timescales to climate change.
Introduction
Thawing of terrestrial organic matter from permafrost in Arctic catchments has the potential to both translocate large stocks of dormant soil carbon to waterborne organic matter and therewith also lead to its conversion to greenhouse gases. Multiple fate processes may affect the previously freeze-locked (permafrost) carbon during lateral translocation, as part of the Arctic Boundless Carbon Cycle [e.g., Vonk and Gustafsson, 2013] .
Large quantities of terrestrial organic matter (TerrOM) are delivered to the Eurasian Arctic margin, the largest shelf sea system of the World Ocean. The sources and large-scale biogeochemical cycling of the TerrOM is likely to vary across the climosequence represented by the land-shelf northern margin of the Eurasian continent in response to differences in drainage basin characteristics, climate, and temporal variability [e.g., Stein and MacDonald, 2004; Raymond et al., 2007; van Dongen et al., 2008a van Dongen et al., , 2008b .
2007] may also impact coastal erosion and thereby increase terrestrial matter delivery to the Arctic shelf waters [Lantuit et al., 2012 [Lantuit et al., , 2013 McClelland et al., 2012; Sanchez-Garcia et al., 2014] .
Earlier studies have shown that different TerrOM pools and matrices have different fate upon remobilization and transport to and in the recipient coastal system. Different TerrOM pools have marked age differences [e.g., Guo et al., 2004; Vonk et al., 2010a; Gustafsson et al., 2011; Karlsson et al., 2011] . There is a stark contrast between the river-borne dissolved organic carbon (DOC), with 14 C ages near modern [e.g., Benner et al., 2004; Neff et al., 2006; Guo et al., 2007; Raymond et al., 2007] , and the much older fraction of terrestrial OC partitioned into particulate OC (POC), eventually accumulating preferentially in coastal sediments [e.g., Goni et al., 2005; Vonk et al., 2012; Feng et al., 2015] . Taken together, this suggests strong fractionation among different released OC pools with a competition between selective preservation and degradation.
The translocated terrestrial-DOC pool, previously thought to mix conservatively in the continental waters of the Eurasian Arctic shelves, has been shown to degrade extensively also in the marine waters [e.g., Alling et al., 2010; Manizza et al., 2009] . DOC has thus been shown to not vary only with salinity over the Eurasian Arctic shelf. POC has also likewise been shown to be efficiently degraded in the water column over large parts of the Eurasian Arctic margin and in similar sub-Arctic systems [van Dongen et al., 2008b] . Mass balance models suggest that POC degrades in the water column at a rate about 5 times faster than the DOC pool; yet, since the DOC pool is about 5-10 times larger than the POC pool [van Dongen et al., 2008b; , these two vectors may contribute about equally to the CO 2 supersaturation observed in these systems [Pipko et al., 2008; Anderson et al., 2009; Semiletov et al., 2012 Semiletov et al., , 2013 .
Arctic shelf studies to date have mostly focused on sedimentary or particulate matter characteristics [Fahl and Stein, 1997; Yunker et al., 1996; Vonk et al., 2012] , despite DOC being the major carrier of terrestrial organic matter to Eurasian continental margins [Gordeev et al., 1996; Lobbes et al., 2000] . Lobbes et al. [2000] report more than 90% of total organic carbon (TOC) from Russian rivers to be in dissolved form. The dissolvedcolloidal continuum normally makes up the dominant fraction of water column OC in coastal waters with large terrestrial export, yet constitutes a less explored compartment [Gustafsson and Gschwend, 1997] . Furthermore, the colloidal fraction (>1 kD) is suggested to become a larger part of the total organic carbon pool in coastal waters in northern latitudes with progressive warming due to a shorter residence time and resulting decreased coagulation and settling in estuarine mixing zones [Pokrovsky et al., 2014] .
This study seeks to test the hypothesis that TerrOM released from different sources and transported in different physical forms has different propensity toward both long-range transport and degradation. This paper contributes new data on the high molecular weight (>1 kD) DOC pool (i.e., colloidal OC-colloidal organic carbon (COC)) across the Eurasian Arctic shelf, enabling a more complete comparison with earlier reports on the molecular characteristics of the corresponding POC and SOC pools in the same regimes. The source, composition, and degradation status of COC and the simultaneously sampled POC and SOC are investigated outside five major Eurasian Arctic Rivers. The collection of samples across the longitudinal extent of the northern Eurasian Arctic seaboard is investigated through dual isotopes of carbon and several classes of biomarkers (e.g., solvent-extractable lipids and CuO oxidation products).
Background

Study Area
The Eurasian Arctic Shelf is the largest, yet, shallowest continental shelf system of the World Ocean. Ob and Yenisey in the west discharge the west Siberian wetlands to the Kara Sea. The Lena River drains both regions of sporadic permafrost and boreal forests in the south to continuous permafrost in the north, into the Laptev Sea. Indigirka and Kolyma run entirely through continuous permafrost of the East Siberian highlands to the East Siberian Sea (Figure 1 ). Several thousand kilometers of the Eurasian Arctic coastline are rich in permafrost ice wedges and vulnerable to erosion [Grigoriev et al., 2006; Lantuit et al., 2012; Günther et al., 2013] . Günther et al. [2013] presents an overview of studies of thermo-eroding coasts, which have been subject for study since far back [e.g., Kaplina, 1959] , but the harsh winter conditions with ice cover around 9-10 months/year and temperatures below À40°C have restricted this research. Despite considerable freshwater discharge [Aagaard and Carmack, 1989] , several studies suggest a large part of the terrestrial OC in the East Siberian Arctic Shelf (ESAS) surface sediments to be derived from coastal erosion of the Pleistocene Ice Complex Global Biogeochemical Cycles
10.1002/2015GB005307
Deposits (ICD-OC, aka Yedoma [Rachold et al., 2000; Vonk et al., 2012; Shakhova et al., 2009a Shakhova et al., , 2009b ). The origin of the ICD is debated and includes both fluvial sources and aeolian loess deposition [e.g., Schirrmeister et al., 2013] . The situation is different in the western catchments of Ob and Yenisey, which are milder with winter temperatures around À20°C. These western regions do not contain any ICD-OC but instead store large permafrost peat deposits. Also, the sharp spring flood typical for the Eurasian Arctic Rivers is logistically challenging for field studies seeking to quantify the actual terrestrial carbon release, especially for DOC Spencer et al., 2008] .
The Eurasian Arctic Rivers serve as integrators of their drainage basin characteristics, such as vegetation and permafrost coverage (detailed in supporting information Text S1), which determines the composition of the released organic matter [Cauwet and Sidorov, 1996; Stein et al., 2003; Bianchi and Allison, 2009] . These source characteristics can be investigated using biomarkers and other conserved tracers. Despite the dominance of the Lena River discharge leaving a major trace through its eastward direction of flow, different imprints have been observed and associated to east-westerly gradients over the Eurasian Arctic continent [van Dongen et al., 2008a; Gustafsson et al., 2011; Tesi et al., 2014] . Thus, the different river inputs along the ESAS coast are not resolvable with variations in salinity only, as riverine inputs have nearly the same salinity. The rivers' characteristics are better separated spatially, on a surface map, or as presented in this paper, versus longitude.
Temporal Perspectives
The observed TerrOM signals may be affected by both seasonal and interannual variability as well as proximity to the terrestrial source of the various shelf stations. In a study of a (sub)-Arctic estuary, the majority of the colloidal carbon discharge was reported to happen during the spring flood [Pokrovsky et al., 2010] , which is in concurrence with the largest fraction of the annual DOC and POC discharges [Cauwet and [Brown et al., 2014] . Exact location and characteristics of sampling stations (red circles) are given in the supporting information.
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10.1002/2015GB005307 . Most Arctic Rivers have a documented sharp and short spring flood carrying a major part of the annual DOC, POC, and suspended sediment load [Gordeev et al., 1996; Holmes et al., 2002; Raymond et al., 2007] . The spring flood also brings a different carbon pool than the late summer discharge. Spring flush happens at the onset of warming when the upper layers are still frozen giving a predominance of surface litter and leaching of shallow soil layers [Guo and Macdonald, 2006; Neff et al., 2006; Frey and McClelland, 2009] . DOC discharged in late summer exhibits lower (carbon normalized) lignin yields, lesser degree of high molecular weight (HMW) aromaticity, and a smaller influence of organic-rich upper soil horizons than the spring flood [Striegl et al., 2005 Spencer et al., 2008] .
The COC and the simultaneously sampled POC and SOC of this study were collected in the end of the summer season, during late July to early September, which generally is the midwater season. Our stations are representations of OC source apportionment in the coastal ocean. The signals are integrated over longer timescales than the faster episodic events in the rivers and the carbon source partitioning zone. Variations in river outflow give rise to temporally varying concentrations over the summer season at any single sampling station. The late summer season is when the permafrost active layer is at its deepest during the year, which gives a stronger signal from the deeper conduits and a stronger groundwater influence. Some of the current data set may thus reflect a somewhat different pool of carbon than the more labile spring freshet OC [Cooper et al., 2005; Mann et al., 2012; . The year of sampling (2008) experienced especially high Lena River discharge, with elevated levels of river runoff also later in the open water season . Average annual discharge between 1998 and 2008 was 588 km 3 /yr [Holmes et al., : earlier estimate, between 1965 [Holmes et al., and 1995 
Materials and Methods
Sampling
The samples were collected as part of the International Siberian Shelf Study (ISSS) 2008 (ISSS-08) on board H/V Yakob Smirnitsky . Samples for high-volume cross-flow filtration (CFF) for subsequent molecular and isotopic characterization were taken outside the largest rivers of the Eurasian Arctic, from coastal erosion hot spots and from additional stations across the ESAS (Figure 1 ). The total sample collection thus consisted of four types of samples (Table 1) : (i) colloidal organic carbon (COC) isolated with CFF (1 kD cutoff), (ii) DOC, the filtrate of <0.7 μm, (iii) the POC from high-volume filtration on GF/F filters with a nominal 0.7 μm cutoff, and (iv) SOC from surface sediments (0-2 cm) from Van Veen grab samples (the top 2 cm was carefully subsampled from grab sample surface sediment with stainless steel spatulas). Sampling of COC was carried out via seawater intake during many hours of transit (see Table S1 for sampling details). Collection of DOC, POC, and SOC was carried out at discrete locations and times.
This study is the first to compare both the COC, POC, and SOC fractions for both solvent-extractable (plant wax) lipid biomarkers, CuO oxidation reaction product (e.g., lignin phenol) biomarkers, and bulk geochemical properties (elemental ratios, stable, and radiocarbon isotopes). Some of the POC and SOC data in this comparison have been published earlier-the details of this are given in the supporting information Text S2. 3.1.1. Cross-Flow Filtration (CFF) 3.1.2. The CFF System and Operation Prefiltered seawater (over precombusted GF/F filters held in a stainless steel holder) was concentrated over a Millipore® Pellicon 2 system with two CFF filter cartridges (0.5 m 2 regenerated cellulose membranes of <1 kD)
to around 1 L (concentration factors between 77 and 120; well above the recommended value of 10) largely following previously established Millipore Pellicon 2 CFF protocols [Larsson et al., 2002] . The system had precombusted glass parts, silicon tubing, and was circulated with a flow-jet pump. An average retentate flow of 2.9 to 6.5 L/min (with transmembrane pressures between 1-2 bar) and a permeate flow between 110 and 160 mL/min were maintained during the filtration (i.e., cross-flow ratios well above the recommended 15;
Global Biogeochemical Cycles 10.1002/2015GB005307 Larsson et al. [2002] ). The system was cleaned between samples as described below, and samples were stored frozen in prerinsed polycarbonate bottles at À20°C. Concentrations of the different fractions and CFF recoveries are detailed in the supporting information (Table S1 ).
CFF Cleaning and Preparation Procedure
Prior to use, the CFF Pellicon 2 filters were subject to cleaning procedures following both Millipore® recommendations and previous tests in the laboratory [Larsson et al., 2002] . Filters were washed with 20 L MilliQ water, 5 L of NaOH of pH11, 5 L of MilliQ water, 5 L of HCl pH3, and then MilliQ water until the permeate reached neutral pH. Filters were then stored in 0.1 M H 3 PO 4 before use. Between the sampling sites YS2 and YS30, the filters were cleaned with 5 L of NaOH pH 11, 5 L permeate from the previous station (<1 kDa), 5 L of HCl pH3, and 5 L of permeate. However, before the last stations, the shipboard MilliQ had a failure, and we had to reduce the use of MilliQ water. In between YS30, YS34, YS37, and YS39 we therefore used only 3 L NaOH, and the acid was diluted in permeate from the innermost Lena transect station (water with salinity of 1). 
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Desalting and Freeze Drying
The samples were desalted using the same CFF system setup but running each sample over a large amount of MilliQ water in diafiltration mode prior to chemical analyses. Frozen COC field samples were thawed in a refrigerator, and half of the total quantity was desalted by using a fresh and cleaned 1 kD Millipore Pellicon 2 filter in the laboratory. The volume of MilliQ water ranged from 6 to 17 L between samples, as it was adjusted to sample salt content. The recovery of COC for the desalting procedure ranged between 0.66 and 1.1 (mean 0.8), which means that generally 20% of the COC material was lost during work-up. Total blank contribution was estimated to 50 μM, at the most 4% of the OC in the samples. More details and recovery parameters for sampling and laboratory processing are given in Table S1 .
The COC samples were dried in polycarbonate bottles under vacuum in a low-carbon-background freeze drier (Christ Alpha 2-4, LSC; Vacuum hybrid pump, Vacubrand RC-6; and Martin Christ, Labex Instrument AB). The dried material was scraped with a stainless steel spatula from the flask, weighed, and stored in a freezer for chemical and isotopic analyses. Similarly, SOC was freeze dried in polypropylene containers, POC on GF/F filters, and both subsampled for further analysis.
Biomarkers 3.2.1. Solvent Extraction of Wax Lipids
Extraction and work-up procedures for POC and SOC of solvent-extractable wax lipids have been detailed earlier in, e.g., van Dongen et al. [2008a van Dongen et al. [ , 2008b . Briefly, lipid fractions from freeze-dried POC and SOC (~3 g dw) were retrieved using Soxhlet extraction in dichloromethane:methanol, DCM:MeOH, (2:1 vol/vol, 24 h), separated through Bond Elut® (SP:NH 2 ) and Al 2 O 3 column chromatography. Isolation of COC lipid fractions was done without separation of the total lipid extracts due to small sample sizes. Amounts equivalent of 0.50 mg OC of the freeze-dried homogenized samples were weighed into round flasks and extracted through 24 h reflux in 30 mL DCM:MeOH (2:1 volumetric ratio). The total lipid extract was run through a Na 2 SO 4 (anhydrous) column for separation of solids and removal of water. Hydrocarbon fractions were eluted through (10% deactivated) silica columns prior to gas chromatography-mass spectrometry (GC-MS) analysis. No significant contaminations of target analytes were recorded, and standards were used for quantification, calibration, and recovery calculations (D50-tetracosane, D39-eicosanoic acid, 2-hexadecanol, and D10-Pyrene). Blank corrections have been used. Five of the n-alkane and n-alkanoic acid data points for POC and SOC used in this study have been previously published (POC and SOC from YS34B, YS39 in Vonk et al. [2010a Vonk et al. [ , 2010b , and POC of YS14 in Sanchéz-García et al. [2011] ).
Alkaline CuO Oxidation Extraction of Lignin and Hydroxy Phenols
Between 1 and 2 mg OC equivalent of the freeze-dried homogenized colloidal matter samples was subjected to alkaline CuO oxidation for release of lignin and hydroxyl phenols under pressure and heating to 80°C in a microwave system following Goni and Montgomery [2000] , with an addition of 1 mg glucose to avoid superoxidation [Louchouarn et al., 2000] . Procedure used for alkaline CuO oxidation is described in detail in Tesi et al. [2014] , from which also the CuO oxidation reaction products for the corresponding sediment samples in this study are reported. POC in this sample collection was sampled on GF/F filters that are not compatible with the alkaline hydrolysis of the CuO oxidation protocol.
Instrumental Analysis of Biomarkers
Biomarker concentrations for the different fractions of COC and the complementary POC and SOC samples were quantified using an Agilent GC/MS with an on-column injector. Compounds were separated chromatographically on a fused silica capillary column (30 m × 250 μm DB5-MS, film thickness 0.25 μm, Agilent J&W) with helium as carrier gas. The initial oven temperature was 60°C and was ramped to 300°C at 4°C/min. Mass scanning was done between m/z of 50-600 at 70 eV. Extracts were derivatized with bis-trimethylsilyltrifluoroacetamide + 1% trimethylchlorosilane to silylate exchangeable hydrogen prior to the injection for n-alkanoic acids, n-alkanols, and for CuO oxidation reaction products.
Carbon Isotopes
Freeze-dried homogenized, ground colloidal matter samples (130-890 μg OC) were weighed into precombusted silver capsules (5 × 9 mm, Säntis Analytical AG, Teufen, Switzerland) and twice acidified with 50 μL 1 M HCl for removal of dissolved inorganic carbon (DIC), dried 3 h in 50°C, and sent to National Ocean Sciences Facility for Accelerator Mass Spectrometry at Woods Hole Oceanographic Institution (Woods Hole, MA, USA) for 14 C analysis. Samples for stable carbon isotope analysis were similarly pretreated through Global Biogeochemical Cycles
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acidification and drying in silver capsules and processed at the Stable Isotope Laboratory (SIL) at Stockholm University (Department of Geological Sciences) with a Carlo Erba NC2500 elemental analyzer connected via a split interface to a Finnigan MAT Delta Plus mass spectrometer.
TOC and DOC
Analysis of TOC and DOC concentrations has been detailed in Alling et al. [2010] . The bulk organic carbon components were separated into POC (>0.7 mm GF/F filters; Whatman, Inc.), DOC (GF/F filtrate), and TOC (unfiltered). The 1-3 L seawater samples were vacuum-filtered onboard with 25 mm diameter precombusted filters within an all-glass filtration system . The samples were kept in 60 mL Nalgene high-density polyethylene bottles and measured directly onboard. The DOC and TOC analyses were done by high-temperature catalytic oxidation (Shimadzu TOC-VCPH). Inorganic carbon was removed by acidifying the samples to pH 2 by 2 M HCl and sparging for 8 min prior to analysis of the total carbon content. All procedures for calibration and data analysis followed Sharp et al. [1995] . Consensus Reference Materials (CRM, from University of Miami) of low-carbon content (1-2 mM C) and deep-sea reference water (41-44 mM C) was run prior to each analysis batch. Our results throughout the expedition for the deep-sea reference water were 42.3 ± 3.4 mM (n = 15). Additionally, an internal control sample from the Yenisey estuary (DOC 494 ± 23 mM) was run in duplicate after every 10 samples to monitor drift or interruptions during the run. New calibrations were made when the results of the CRM or the internal control samples differed from known concentrations by more than ∼5%. Each sample was run in five replicate injections. The overall precision of the measurements was generally better than 5% (85% of data set). For samples with <80 mM DOC, from the outer shelf and deep waters, the precision was ∼8%. CFF retentate samples were diluted with MilliQ and measured on the Shimadzu TOC Analyzer.
Monte Carlo Simulations
The relative contribution of the three carbon source classes (topsoil OC, Ice Complex Deposit ICD-OC, and marine plankton OC) to each sample was assessed in a dual-carbon isotope (δ 13 C and Δ 14 C) end-member mixing model analysis. To incorporate the variability of each end-member into the resulting source fractions, a Monte Carlo (MC) computer simulation approach was applied [Andersson, 2011] . Each value (both endmember and observational data point) was represented by a normal distribution instead of a single value. The modeling included a repeated random sampling strategy of 10 6 iterations per sample that discard source contributions outside the physical range ([0,1]). The model was run in Matlab, version 2013b (Mathworks Inc., Natick, USA). The input end-member parameters can be found in Table 3 with definition/selection criteria described below and with end-member databases in the supporting information Tables S3 and S4 .
The first end-member represented in the source apportionment was defined as the integrated signal from active layer OC and fresh vegetation debris brought by rivers and erosion to the shelf system. This end-member, which we denote as the topsoil OC end-member, has here been revised from what was used in, e.g., Vonk et al. [2012] , updated and split into two separate end-members-one for the part of the topsoil OC carried in the dissolved phase and one for the part carried in the particulate phase. The end-member data are shown in the supporting information Tables S3 and S4 . This subdivision is motivated by observations of a stark age decoupling between riverine DOC and riverine POC (shift of 164‰). The topsoil OC end-member for DOC (Table 3) is based on 20 observations of δ 13 C-DOC and 20 observations of Δ 14 C-DOC values from the Lena and Kolyma Rivers (e.g., data from the programs PARTNERS and Arctic-GRO [Neff et al., 2006] ). The topsoil end-member for POC (Table 3 ) was based on 137 δ 13 C and 17 riverine Δ 14 C-POC measurements from sites that are not (or minimally) draining ICD soils: in the rivers Lena, Khatanga, Yana, Kolyma, and Panteleikha (data from Rachold and Hubberten [1999] ; PARTNERS project; Arctic-GRO; and unpublished data from Lena River). The riverine POC signal could be influenced by freshwater plankton OC, which can vary considerably [Goering et al., 1990; Gu et al., 1994; Kling et al., 1992; Rachold and Hubberten, 1999; Galimov et al., 2006; Winterfeld et al., 2015] .
The ICD-OC end-member database was identical to what was used by Vonk et al. [2012] for the ESAS ( Table S5 ). In addition, old 14 C ages of terrestrial biomarkers at the mouths of the Ob and Global Biogeochemical Cycles
10.1002/2015GB005307
Yenisey Rivers are possibly representing OC from deeper hydraulic conduits of higher hydraulic conductivity than through the peat itself Feng et al., 2013] . These deep peat deposits were represented with the same δ 13 C values as the topsoil end-member since there is a high OC preservation potential through the peat column and little or no anticipated fractionation (Table 3 ).
The marine end-member is also identical to what was reported in Vonk et al. [2012] for the ESAS (Table 3) . There is, however, a biogeochemical shift in both water column and sedimentary imprint approximately over the geographical 165°E longitude [Semiletov et al., 2005; Pipko et al., 2008; Anderson et al., 2009] , which reflects the Pacific inflow from the east. These different regimes are thus represented with two different endmembers. The end-member value for the marine planktonic source west of 165°E (Table 3) is less depleted and likely influenced by assimilated terrestrial OC-derived DIC [Pipko et al., 2008; Anderson et al., 2009; Alling et al., 2010] . The three-source end-members are represented by six values (but only three were used to model each data point), where (i) topsoil DOC is separated from topsoil POC/SOC, (ii) marine contribution is represented by two geographical areas-east and west of 165°E, and (iii) old permafrost deposits are divided by two geographical areas where one represents deep permafrost OC (deep PF-OC) for Ob and Yenisey catchments and one ICD-OC over the ESAS ( Figure S1 ). The data compilation for calculating all end-member values that are not reported earlier can be found in the supporting information (Tables S3-S5 ).
Results and Discussion
4.1. Source-Diagnostic Composition of COC Versus POC and SOC 4.1.1. Molecular Biomarkers-CuO Oxidation Products and Plant Wax Lipids Lignin is a phenolic biopolymer exclusively produced by vascular plants [Sarkanen and Ludwig, 1971] and therefore also a common tracer of different sources of terrestrial matter in marine sediments [Goni et al., 2013; Pasqual et al., 2011] . The lignin content of COC, normalized to organic carbon, was on the same order as reported values in the corresponding underlying ESAS sediments. Lignin content in the COC ranged from 3 to 25 mg/g OC ( Figure 2a and Table 2 ). There was a strong trend of increasing lignin content toward the western catchments releasing to the Laptev Sea/East Siberian Sea (linear regression, r 2 = 0.97, p < 0.001). Global Biogeochemical Cycles
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A pattern like this could be explained not only by dilution of the riverine water into the marine but also by removal of lignin from the COC pool. The differences in actual river inputs to the marine environment are not resolvable by salinity differences alone. We draw most of our conclusions based on ratio proxies which are far less sensitive to dilution than actual concentrations. The lowest lignin concentrations were found at stations YS39 and YS4 (Figure 2a ), which both are samples farthest offshore (Figure 1 ). This is in agreement with a recent report on another class of terrestrial biomarkers, the branched Glycerol Dialkyl Glycerol Tetraethers, in the underlying sediment, decreasing away from the shore, indicating a reduced influence of riverine organic matter [Doğrul Selver et al., 2015] . These patterns probably mirror the larger share of woody plants and different vegetation pattern in the Lena catchment compared to farther east. The Lena River also reaches farther south than the Indigirka and Kolyma drainage areas. Addressing whether the declining lignin content is a result of degradation is assessed in sections below.
The highest lignin phenol content (25 mg/g OC) was observed in samples outside the Yenisey; its catchment is influenced by a relatively warmer climate and more woody vegetation than the others. The Ob catchment has a comparable climate and vegetation, but showed a somewhat lower COC lignin content (13 mg/g OC).
Ob has a catchment with especially abundant mosses and an extensive bog system [Opsahl et al., 1999; Breckle and Walter, 2002; Feng et al., 2013] , which is consistent with the observed lower fraction lignin phenols or woody plant matter.
Lignin phenols and individual CuO oxidation reaction products also carry structurally embedded information on which type of plants and tissues they have been derived from [Goni and Hedges, 1990] . Cutin acids, derivatives from plant wax cuticles [Kolattukudy and Walton, 1972] , were not detectable in the COC pool (data in supporting information). In the corresponding SOC [Tesi et al., 2014] the average cutin acid concentration was 1.4 mg/g OC. Tesi et al. [2014] also report cutin acids in ICD-OC/Yedoma. The lack of cutin residues could perhaps be an operational effect, i.e., cutin acids could be too small to end up in the cross-flow ultrafiltered COC fraction, or they could be associated to a different matrix.
Both cutin acids and cinnamyl phenols are ubiquitous in nonwoody vascular plant tissues. Syringyl phenols, however, are derived only from angiosperms. The ratio of syringyl to vanillyl phenols (S/V) has been reported to not undergo any particular change despite extensive bulk degradation [Opsahl and Benner, 1995] and is a common source proxy to separate angiosperm versus gymnosperm tissues. These source tracers have been applied in earlier studies of the Arctic region. For DOC and POC, the S/V has also been expressed by Lobbes et al. [2000] as percentage of tundra (versus taiga) contributed material. These source ratios are far less sensitive to dilution of freshwater into a marine system but could be altered as a result of mixing into an already existing pool of a different composition. The S/V ratio for all COC in the current study ranged from 0.3 to 0.7 ( Figure 2b and Table 2 ), which would reflect a tundra fraction of around a fifth up to full tundra coverage according to the classification suggested by Lobbes et al. [2000] . As a comparison, Sphagnum a Plant wax lipids: Sum of HMW n-alkanoic acids (∑C 20 -C 30 ) and n-alkanes (∑C 20 -C 32 ), ratio of HMW/LMW n-alkanes (LMW, ∑C 17 -C 19 ). CuO oxidation reaction products: Lignin (∑lignin phenols, Λ 8 ), cinnamyl phenols over vanillyl phenols (C/V), syringyl phenols over vanillyl phenols (S/V), p-hydroxyacetophenone over p-hydroxybenzoic acids (Pn/P), and p-hydroxybenzoic acids over vanillyl phenols (P/V).
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leachate was reported in Spencer et al. [2008] at an S/V of 0.95, and boreal gymnosperm tissue at an S/V of 0.1. The high S/V ratios of the COC suggest a high angiosperm abundance of the catchment. The S/V values are higher in the easternmost samples outside Indigirka and Kolyma Rivers ( Figure 2b and Table 2 ), both in COC (this study) and in SOC values [Tesi et al., 2014] . This likely reflects the vegetation differences with more northerly confined catchments mostly void of boreal vegetation to the east. The observations are also in line with the suggestion by Lobbes et al. [2000] that both higher altitudes and latitudes can give amplified S/V ratios, signaling a relatively larger contribution of angiosperm organic matter for these eastern samples.
The cinnamyl to vanillyl phenols ratio (C/V) is commonly used as a proxy for nonwoody organic matter sources [Hedges and Mann, 1979; Spencer et al., 2008] . The C/V ratio tends to change slightly through decomposition [Opsahl and Benner, 1995] . The presence of cinnamyl tissue still indicates an herbaceous source but may not be a reliable quantitative proxy. The cinnamyl over vanillyl C/V ratio was low throughout the whole COC data set (Table 2 ) and may suggest dominant woody plant matter source contribution to COC. Values were between 0.01 and 0.24. In the more southern reaching catchments, a low C/V ratio reflects a larger proportion of woody material, but no specific trends were seen over the data set. The C/V ratio in the Ob sample was higher than the C/V ratio in Yenisey and may reflect herbaceous plant matter sources in the extensive West Siberian wetland in the Ob catchment.
There were clear continental trends in both p-hydroxyphenone/p-hydroxybenzene (Pn/P) and p-hydroxybenzene/vanillyl phenol (P/V) ratios (Figures 2c and 2c and Table 2 ). Pn is highly abundant in peat and Sphagnum [Williams et al., 1998 ] but found to be low in relation to P both in vascular plants and boreal lakes and soils (Pn/P 0.14-0.22 [Hedges et al., 1986; Williams et al., 1998; Houel et al., 2006] ). Furthermore, it is worth mentioning that marine OC also yields P products upon CuO oxidation, likely from aromatic amino acids such as tyrosine and phenylalanine [Goni and Hedges, 1995] . Pn/P in COC ranges from 0.15 to 0.30 (0.15-0.22 if exclude the one YS-2 sample; Figure 2c and Table 2 ) and shows a trend over the ESAS with lower values toward the east (p < 0.001, r 2 = 0.83 in linear regression, apart from YS2, YS3, and the most offshore sample YS4). The opposite trend is seen for P/V of the same area ( Figure 2d , Table 2 ; p < 0.01, r 2 = 0.84 in linear regression, apart from YS2, YS3, and the most offshore sample YS4). These contrasting trends indicate that the P contribution to ESAS was derived primarily from marine sources rather than Sphagnum mosses, while the P in the west (Kara Sea receptor) had large influence from Sphagnum. The current study reveals lower Pn/P ratios in COC (0.15-0.22) than reported for Arctic river DOC, which were consistently higher than 0.22 (in Lena, Indigirka, and Kolyma 0.30-0.39) measured both at spring flush, midflow, and base flow [Amon et al., 2012] . The Pn/P signal from COC in the Kara Sea sample outside Ob was the highest measured Pn/P (0.30) but was still somewhat lower than the reported Ob river DOC Pn/P of 0.37 [Amon et al., 2012] . The low Pn/P ratio in combination with the eastward contrasting trend of the Pn/P to the P/V ratios suggests a moderate contribution of Sphagnum to COC in the western region near the stations outside Ob and Yenisey, and an even lower Sphagnum contribution eastward with instead an increasing marine contribution of P.
Plant wax-derived high molecular weight (HMW) n-alkanes [Eglinton and Hamilton, 1967] are well-used markers for tracing terrestrial matter in the marine environment [Simoneit, 1977; Schubert and Stein, 1996; Yunker et al., 2005 Yunker et al., , 2011 . Plant wax lipids have been used earlier to characterize SOC and POC from samples of the same ESAS regimes as for the COC in this study [van Dongen et al., 2008a; Vonk et al., 2010a Vonk et al., , 2010b Karlsson et al., 2011] . However, while POC and SOC concentrations of HMW n-alkanes (C 20 -C 34 ) were between 0.05 and 2.1 mg/g OC (Table 2) , concentrations in COC were below detection limits. The lack of plant wax lipids in the colloidal pool is in parallel to the equally undetectable cutin acids, which are structurally similar to the acyl lipids. This absence could be due to an operational effect, where the free n-alkanes and n-alkanoic acids nor cutin acids remain in this colloidal size fraction. Another explanation may be that the terrestrial lipid components have already been degraded in this pool. Photooxidation is known to efficiently degrade lignin in DOC [Hernes and Benner, 2003; Spencer et al., 2008] . For example, Opsahl and Benner [1998] show extensive removal of lignin with photooxidation over the same timescale as the Lena river course.
Taken together, the lignin phenol fingerprint demonstrates a clear geospatial trend in the relative contribution of different terrestrial sources to coastal OC in going from the west to the east, consistent with changing extent of permafrost coverage and vegetation cover. This is likely due to either dilution, a mixing with preexisting material or a degradation effect, discussed in coming sections. The wax lipids and cutins were not Global Biogeochemical Cycles
detected in the COC, in contrast to in the POC and SOC compartment, suggesting that different terrestrial carbon pools partition into different aquatic carrier phases.
Radiocarbon Signals
The radiocarbon signals and thus ages of the COC in the collection of samples were generally much younger than in the POC and SOC. The COC 14 C signals ranged from 75 to À106, corresponding to ages from modern to 845 14 C years (Table 1 and Figure 3a ). This is in line with one of the first age estimates of HMW DOC (COC) in Arctic Rivers by Benner et al. [2004] that identified dissolved organic matter (DOM) in surface waters exported by Eurasian Arctic Rivers as modern and highly terrestrial. This is also consistent with several other Arctic River studies wherein DOC (often CFF collected as HMW DOC or COC) was found at ages of a few hundred years before present [Guo and Macdonald, 2006; Neff et al., 2006; Guo et al., 2007; Raymond et al., 2007] . C-POC (this study and Vonk et al. [2010a and Vonk et al. [ , 2010b ) (Figure 3a) , though the 14 C-POC data set exhibited a larger variation. However, apart from the two most depleted POC data points at station YS14 [from Sanchéz-García et al., 2011] and station YS26, both situated right outside erosion hots pots, the POC is overall comparable in signal and thus age to the COC (ANOVA, p = 0.08).
There was also an alongshore/longitudinal trend across the ESAS in the COC radiocarbon signal, with more depleted material in the east where salinity increases (Figure 3a , linear regression, r 2 = 0.95, p < 0.001; Figure S2 linear regression r 2 = 0.72, p < 0.01). This same continent-scale trend has also been reported for the 14 C signal of SOC outside the mouths of the largest Eurasian Arctic Rivers [Guo et al., 2004; Gustafsson et al., 2011] . The three most 14 C-depleted stations in this set of sediment samples are from the YS23, YS26, and YS30, out of which YS23 and YS26 are coastal erosion hots pots and YS30 from outside the Indigirka River Global Biogeochemical Cycles 10.1002/2015GB005307 (Figure 1 ), all at a Δ 14 C around À700‰. The sample outside the Kolyma (YS39) in this study, however, was somewhat younger but still had a Δ 14 C of À550‰ [Vonk et al., 2010a [Vonk et al., , 2010b . This slight change toward the east could also be seen for the POC (Table 1) and may be an effect of increasing younger material from Pacific-influenced waters toward the east.
The radiocarbon signal of COC was more enriched at the Ob and Yenisey locations than the eastern counterparts. This difference was more prominent in SOC, where 14 C values were at least 200‰ more enriched than in the sediments from Laptev Sea/East Siberian Sea (ESS) (our data Vonk et al., 2012] ). This is likely due to an echo of peat deposits of the Ob and Yenisey catchments, releasing younger material than the Pleistocene ICD material of the Kolyma, Indigirka, and northern/lower Lena areas.
The OC-normalized lignin content of the COC pool was strongly correlated to radiocarbon, with a more enriched (i.e., modern) radiocarbon signature at higher concentrations of OC-normalized lignin phenols (Figure 3b , linear regression r 2 = 0.91, p < 0.001). As the bulk sample gets more radiocarbon depleted the amount of (OC-normalized) lignin decreases. Since lignin has been found and dated old in Yedoma/ICD-OC [Tesi et al., 2014] , the young lignin of COC must be derived from a different terrestrial source, such as contemporary topsoil OC. Feng et al. [2013] report compound-specific radiocarbon dating of lignin in sediments off major river mouths along this same Eurasian Arctic coast, and Schreiner et al. [2014] date bulk POC outside the permafrost-draining Colville River. They both hypothesize lignin to be derived from a younger surface layer source.
The COC in this data set was overall mostly modern but slightly more depleted in the east (Figure 3a) , with a lignin component from surface soil/topsoil OC that was highly correlated to the radiocarbon bulk signature (Figure 3b ).
Stable Carbon Signatures
The δ 13 C-COC signal indicated overall mixed source contributions but a clear effect of marine-influenced waters in the eastern reaches of the study region. The δ 13 C-COC values varied between À28.2 and À23.9 (average at À27.1; Table 1 and Figure 3c ). These δ 13 C-COC values compared well with magnitude and patterns from earlier studies of Arctic DOC [Lara et al., 1998; Neff et al., 2006] and POC [Rachold and Hubberten, 1999; McClelland et al., 2008; Sanchéz-García et al., 2011] . There is no large difference between the δ 13 C values of POC, SOC, and COC, but the range is the largest for POC (our data [Sanchéz-García et al., 2011] ). In general, the POC seems more depleted than corresponding COC, which in turn is often more depleted than the corresponding SOC [Vonk et al., 2010a [Vonk et al., , 2010b Karlsson et al., 2011] (Figure 4c ). The most depleted δ 13 C values are seen in the POC pool reported from the SE Laptev and ESS at À30‰ [Sanchéz-García et al., 2011] . The shallow parts of the Eurasian Arctic Ocean shelf normally experiences wind-driven turbidity, benthic transport, and winnowing of OM on the sea floor . These are processes that can also contribute to a varying δ 13 POC signature [Coppola et al., 2007] . However, the year of sampling (2008) was a year of unusually high Lena River discharge and low wind conditions, resulting in lower turbidity and an accumulation-sedimentation regime of the Laptev Sea that normally occurs only during ice cover .
The Pacific influence in the eastern ESAS study region was seen in the stable carbon isotope signature of COC. Highly enriched values of δ 13 C-COC reflect a different source of carbon at station YS39 off the Kolyma River for all three carbon fractions (our data [Sanchéz-García et al., 2011; Vonk et al., 2010a Vonk et al., , 2010b ; Table 1 and Figures 3c and S2, linear regression with salinity, r 2 = 0.45, p < 0.001). The phytoplankton in the Pacific water masses utilize a different carbon source and hold a different stable carbon signature than the ones in the Laptev Sea/ESS [e.g., Alling et al., 2010; Andersson et al., 2009; Pipko et al., 2008] . Highly depleted δ
13
C values of phytoplankton on the western ESAS (Laptev Sea) have been suggested to originate from DIC of degraded terrestrial matter that initially carry a more depleted signature [Andersson et al., 2009; Alling et al., 2012] . Marine plankton tends to have more depleted δ 13 C values in higher latitudes [Degens, 1969; Fontugne and Duplessy, 1978] .
Taken together, the stable carbon isotopes in COC indicate mixed source contributions. The relative influence of each source can be quantitatively assessed by merging together stable carbon isotopes and radiocarbon measurements (i.e., dual-carbon isotope mixing model) as discussed in the next section.
End-Member Mixing Model Analysis
The sources that contributed carbon to these samples have different carbon isotope signatures, here divided into three main sources represented by in total six region/source-compartment-specific values (Figures 3d  and 3e and Table 3) 
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sources to each sample, an end-member mixing model analysis (EMMA) was run as a Monte Carlo simulation of the observed dual-isotope values in concert with the three relevant source end-members for a given region/compartment (Table 3 ).
The modeled contribution from terrestrial topsoil OC dominates the COC pool, estimated to 65% (30-90%), and was on average over twice the size of the marine OC, estimated to 25% (3-58%; Figure 4 and Table 3 ). This is consistent with the high lignin concentration and the buoyant nature of colloidal matter and the resulting very small contributions of mineral-associated ICD-OC at 9% (1-23%; Figure 5 ). This COC composition was similar for the Ob and Yenisey samples (Figure 4 and Table 3), with a dominant topsoil component of 69% (30-93%), a marine fraction of 19% (1-53%), and a small contribution from deeper permafrost deposits at 10% (1-33%). In contrast, sediments reported in Karlsson et al. [2011] and Vonk et al. [2010a Vonk et al. [ , 2010b Vonk et al. [ , 2012 Vonk et al. [ , 2014 had high modeled fractions of ICD-OC.
The highest fractions of ICD-OC in COC were either close to the Kolyma River mouth YS32 (15%) or at an offshore station, YS39 (17%). This appears to (i) mirror the large share of Yedoma/ICD deposits in the Kolyma catchment (Figure 1 ) and (ii) show an increase of the ICD-OC fraction offshore compared to nearshore-or rather a decrease of the topsoil component offshore. This COC pattern corroborates the suggestion that the topsoil OC is derived from a surface soil component (including lignin) which is labile and preferentially degraded and/or settled with time and/or transport [e.g., Vonk et al., 2010a Vonk et al., , 2010b Tesi et al., 2014] .
The slightly higher percentages of ICD-OC and the somewhat older age of COC toward the east can be seen as a reflection of the watershed characteristics. The eastern areas are where erosion-prone coast is more common, as well as where there is a larger extent of ICD [Lantuit et al., 2012 [Lantuit et al., , 2013 Günther et al., 2013] . There is also a gradually decreasing influence of the Lena river plume (diluted and/or degrading) toward the east of the ESAS. Though the coastal current along ESAS is generally directed eastward from Laptev Sea through the Dmitry Laptev Strait [Steele and Ermold, 2004] , the Lena runoff-driven eastward current was less distinct than usual in 2008. The older ages and higher fraction ICD were also seen in the SOC sample set (reported on earlier in Vonk et al. Marine OC west of 165°δ 13 C À24.0 ± 1‰ Δ 14 C 60 ± 60‰
Topsoil DOC/COC δ 13 C À27.6 ± 1.5‰ Δ 14 C 53.9 ± 43.1‰
a Fractional contributions to surface water colloidal organic carbon (COC), surface water particulate organic carbon (POC) and surface sediment (SOC) from marine plankton OC (marine), active layer and surface topsoil OC (topsoil), and deep/old yedoma/mineral soil OC (ICD) or deep permafrost OC (deep PF-OC), as derived by Monte Carlo simulation of a dual-carbon three-end-member mixing analysis (EMMA). The employed end-member values are listed at end and clarified with references and details in the main text (section 3). Results are given as median values and divided in three sections: (i) the ESAS stations, (ii) only the Kara Sea stations (YS2 and YS3), and (iii) the combined data (all data). Station specific fractions and their 95% confidence interval values are given in the supporting information.
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The stable carbon compositions of COC, POC, and SOC at station YS39 echoed the marine influence from the Pacific (Figures 3c and 4) . The marine fraction was highest in the POC pool. This likely suggests not only that (i) marine phytoplankton largely existed in a particulate form but also that (ii) the marine pool was labile and a large part of it was removed in the water column before reaching the sea floor. This distribution is widely seen in continental margins across the world, where a large share of the water column marine OC is not reaching the seafloor and TerrOM has larger preservation potential into the SOC. This is also in line with earlier findings in the Eurasian Arctic where bulk POC removal from the water column was seen over the ESAS [Sanchéz-García et al., 2011; Kraberg et al., 2013] . Marine OC has, moreover, been shown to be a larger fraction in sinking POC compared to surface POC and SOC (where the fraction marine from similar source modeling was 21-35% and 7-9%, respectively, ). This was equally suggested to mirror settling properties of marine phytoplankton and/or a higher degradability of marine OC than both topsoil OC and ICD-OC.
Buoyant surface water COC is more readily advected horizontally than both POC and SOC. Hence, there would be a natural decoupling between these pools. SOC is a slower more integrated signal combining several seasonal cycles thus reflecting the pool that survives a preceding transit/residence time, while the COC is reflecting a more instantaneous picture and water movements. The marine fraction in the COC pool was less 
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varied in distribution (16-52%) than in POC (6-68%), while the topsoil component was in the same range for both pools (31-90% versus 32-88%) all in Figure 4 and Table 3 . SOC held a smaller topsoil OC contribution than both POC and COC, especially over the ESAS. This could reflect that topsoil OC is more readily degraded than ICD-OC [Vonk et al., 2010a [Vonk et al., , 2010b [Vonk et al., , 2015 Karlsson et al., 2011] . However, it cannot be excluded that a larger offshore sedimentary share of ICD-OC could also indicate an additional source such as subsea permafrost input or near-bottom-driven input of terrestrial OC [Vonk et al., 2010a [Vonk et al., , 2012 . Winnowing of surface sediment and strong nepheloid layer transport has been shown over the ESAS sea floors due to the shallow depths and turbid waters [Dudarev et al., 2006; Charkin et al., 2011; Are et al., 2002] . Such a near-bottom transport mechanism could potentially disperse a mineral-ballasted fraction such as ICD-OC over the sea floor, without being echoed in the overlying particulate or suspended OC pools.
Taken together, the source apportionment showed a stark contrast in composition and behavior of the COC pool compared to the corresponding POC and SOC. The COC was clearly dominated by topsoil OC, with a very small contribution from ICD-OC. This suggests that the highly labile topsoil OC component dominates both the dissolved/colloidal and particulate forms. Pacific marine influence affects the composition of all OC pools in the very east but suggests a potentially labile marine source with particulate properties that also reach the sediment. The results are consistent with a suggested mineral-ballasted ICD-OC component [Vonk et al., 2010a [Vonk et al., , 2012 Tesi et al., 2014; Karlsson et al., 2011; Are et al., 2002] settling out of the water column close to its source and possibly disperse through near-bottom transport far out on the shelf.
Degradation-Diagnostic Molecular Composition of COC Versus POC and SOC
Wax lipids and CuO oxidation reaction products indicate different relative degradation state of terrestrial OC in the colloidal, particulate, and sedimentary pools.
Plant wax-derived lipid markers were similarly applied to assess relative degradation state in the sampled OC pools but not determined in COC due to the absent free lipids in the colloidal pool. The n-alkane odd over even predominance, which is eroded during degradation [Brassel and Eglinton, 1983] , is described by the carbon preference index (CPI) of HMW n-alkanes, where higher indices reflect less degraded material (Table 4) . The n-alkane CPI was lower for POC than for SOC (ANOVA p < 0.001; POC and SOC from our data and Vonk et al. [2010a] ) and was 2.0-5.8 and 4.9-9.2 in POC and SOC, respectively (Table 4) . Typical CPI values of the vascular plant epicuticular waxes vary between~4 and 10 [Tulloch, 1976; Rieley et al., 1991] , but petroleum, kerogen, or pyrolytic products lack an odd over even predominance (CPI~1 [Farrington and Tripp, 1977] ). The n-alkane CPI suggests the terrestrial component of POC to be more degraded than in SOC, which in turn is relatively undegraded. ). Ratio of high molecular weight (HMW) n-alkanoic acids ( P C 20 -C 30 ) to HMW n-alkanes ( P C 20 -C 32 ). CuO oxidation reaction product-based proxies: vanillic acid over vanillin, syringic acid over syringaldehyde, and 3,5-dihydroxybenzoic acid/vanillyl phenols.
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Another relative measure of degradation comes with the inherent chemical susceptibility of the carboxylic acid group on HMW n-alkanoic acids to degrade over the HMW n-alkanes [Brassel et al., 1984] . A similar pattern as for the HMW CPI was seen in the HMW n-alkanoic acid/n-alkane ratio ( P C 20 -C 30 acids and P C 20 -C 34 alkanes), as in the HMW CPI. The SOC values were 1.4-6.3, which is comparable to POC, but with a higher minimum value. POC HMW CPI values were 0.8-4.0 (our data [Vonk et al., 2010a] ). Previously reported acid/alkane ratios for SOC over the ESAS vary between 0.14 and 11 [van Dongen et al., 2008a; Karlsson et al., 2011; Vonk et al., 2010a] .
Lignin phenol markers that display high Ad/Al ratios of vanillyl and syringyl phenols are indicative of microbial and photochemical oxidation of propyl side chains of lignin which increases the carboxyl content of the remaining lignin Benner, 1995, 1998 ]. These acid-to-aldehyde ratios (Ad/Al) are, therefore, commonly used to estimate relative degradation state of terrestrial organic matter in different marine environments [Hedges et al., 1988; Tesi et al., 2008; Goni et al., 2005] . Although the COC fraction shows values distinct from the SOC, some caution should be applied in the interpretation of these tracers because the inherent Ad/Al ratio varies in different lignin sources. High levels have been suggested to originate from mineral sorption and/or vascular plant litter leachate. Intrinsic to this is that the leachate value would be higher in a dissolved fraction than in a particulate phase, e.g., it would affect the COC fraction more than the SOC.
The COC Sd/Sl ratios were between 0.80 and 1.6, with an average of 1.1 (Table 4 ). The COC Vd/Vl ratios were between 0.80 and 1.3 and averaged at 0.99. The colloidal values are indeed higher than for the corresponding sediment values (average Vd/Vl 0.7 and Sd/Sl 0.5 [Tesi et al., 2014] ). However, the COC values were lower than Vd/Vl and Sd/Sl values reported for Eurasian Arctic River DOC at 1.0-1.1 and 0.8, respectively, and also lower than values reported for Yukon and Mackenzie at around 0.8 (for both Vd/Vl, Sd/Sl [Amon et al., 2012] ). Overall, the acid-to-aldehyde tracers are higher in the COC than in the SOC.
Another tracer commonly used for assessing degradation state of terrestrial matter is the 3,5-dihydroxybenzoic acid (3,5-Bd) to vanillyl phenols ratio Otto and Simpson, 2006; . The 3,5-Bd is an ubiquitous land-derived compound [Goni and Hedges, 1995] not produced in the marine environment and is highly resistant to degradation. In combination with the ubiquitous vanillyl phenols that are susceptible to degradation, the 3,5-Bd/V ratio is a tracer of fresh material and thus of relative degradation state. In COC, the 3,5-Bd/V ranged between 0.40 and 0.87 (average at 0.60, Table 4 and Figure 5e ), which compares well to ESAS river DOC values between 0.4 and 0.7 [Amon et al., 2012] . Tesi et al. [2014] show that the 3,5-Bd/V in SOC over the ESAS was lower than in the currently reported COC but increasing with distance from the coast. This suggests a moderate lignin degradation state of the COC pool in Arctic Eurasian shelf waters.
Overall, there is an agreement between the plant wax lipid and lignin biomarkers that the terrestrial component of the water column was degraded, and that COC was more degraded than the corresponding POC and SOC pools. This is consistent with the view that COC is largely degraded in the water column because of photochemical [Opsahl and Benner, 1998 ] or microbial reactivity [Opsahl and Benner, 1995] and only contributes a small fraction to the terrestrial OC that is eventually accumulating in the underlying sediments.
Relationships Between Age and Degradation Across the OC Continuum
Several studies indicate a systematic pattern in the Eurasian Arctic margin of SOC being older yet less degraded with water column POC being younger, yet more degraded [Vonk et al., 2010a [Vonk et al., , 2010b Karlsson et al., 2011] . This study is now extending this picture to the large COC (HMW DOC) pool, which is even younger and more degraded than the POC pool. HMW n-alkane CPI showed this pattern for POC and SOC ( Figure 6a ) and was largely shown also through the HMW n-alkanoic acid/n-alkane (Figure 6b ). The same pattern with a more degraded terrestrial pool in COC than in SOC was similarly seen in the lignin degradation proxy 3,5-Bd/V (Figure 6e ).
The COC pool is distinct from POC and SOC in its very low relative contribution of ICD-OC or deep PF-OC (for the Kara Sea recipient; Figure 4) . The COC has a young 14 C age and is more degraded compared to the mineral-associated POC and SOC. POC with a higher fraction of old ICD-OC has been shown to correlate with water depth (higher fraction ICD closer to land Vonk et al., 2010a Vonk et al., , 2014 ), which may be explained by a selective settling due to the mineral association acting as sinking weight. The ICD-OC from coastal erosion is believed to be deposited in the near-shore zones [Keil et al., 1994; Huguet et al., 2008] but also to degradation control and burial [Hedges et al., 1997 [Hedges et al., , 2001 . A neutrally buoyant fraction that stays suspended in the surface water also has a longer exposure time in the oxygenated and photic part of the ocean. The suspended nature of COC implies a near absence of a heavy mineral component; its absence suggests that there is less protection against degradation due to mineral sorption. Both of these features promote degradation of the COC pool, which is corroborated by the biomarker assessment.
Conclusions
This study has demonstrated that the COC pool in coastal Eurasian Arctic waters has a distinctly different source than the POC and SOC pools. The COC is dominated by terrestrial OC from topsoil (65%; 31-90%) and marine plankton (25%, 3-58%) with only a very small component stemming from ICD-OC (9%, 1-23%). The COC thus contrasts starkly to POC and especially SOC, which both are dominated by ICD-OC. The partitioning difference between the carbon pools may reflect a compositional matrix difference, e.g., organomineral associations. The mineral-associated ICD-OC pool appears destined to rapid settling, as it is largely partitioned to the SOC pool. The ICD-OC can then experience cross-shelf transport during which the loss of carbon likely occurs over a centennial timescale. Settling of POC compared to COC may also reflect carbon loss differences, as mineral protection can be an important control on degradation. The terrestrial OC released in the DOC and COC is likely Global Biogeochemical Cycles 10.1002/2015GB005307 more exposed to degradation processes in the water column than SOC and POC. The patterns of COC distribution in this data set reflect different phenomena acting together, such as degradation of COC, imprints from the dominant local river catchments, and dilution of riverine COC with COC already present in the ocean. This study resolves west-east differences, which could be attributed to differing river influences separate from dilution effects. More directed studies emphasizing higher temporal and spatial resolution will be needed to resolve and associate seasonality and episodic events. Different components of remobilized terrestrial permafrost OC may experience vastly different fate processes in response to climate change such as increase of river discharge and coastal erosion.
